Abnormalities in T-lymphocyte populations and function are observed in autism. Soluble amyloid precursor protein ␣ (sAPP-␣) is elevated in some patients with autism and is known to be produced by immune cells. In light of the well-established role of sAPP-␣ in proliferation, growth, and survival of neurons, we hypothesized an analogous role in the immune system. Thus, we explored whether sAPP-␣ could modulate immune development and function, especially aspects of the pinnacle cell of the adaptive arm of the immune system: the T cell. To do this, we generated mice overexpressing human sAPP-␣ and characterized elements of T-cell development, signal transduction, cytokine production, and innate/adaptive immune functions. Here, we report that transgenic sAPP-␣-overexpressing (TgsAPP-␣) mice displayed increased proportions of CD8 ؉ T cells, while effector memory T cells were decreased in the thymus. Overall apoptotic signal transduction was decreased in the thymus, an effect that correlated with dramatic elevations in Notch1 activation; while active-caspase-3/totalcaspase-3 and Bax/Bcl-2 ratios were decreased. Greater levels of IFN-␥, IL-2, and IL-4 were observed after ex vivo challenge of TgsAPP-␣ mouse splenocytes with T-cell mitogen. Finally, after immunization, splenocytes from TgsAPP-␣ mice displayed decreased levels IFN-␥, IL-2, and IL-4, as well as suppressed ZAP70 activation, after recall antigen stimulation. Given elevated levels of circulating sAPP-␣ in some patients with autism, sAPP-␣ could potentially drive aspects of immune dysfunction observed in these patients, including dysregulated T-cell apoptosis, aberrant PI3K/AKT signaling, cytokine alterations, and impaired T-cell recall
Autism is a neurodevelopmental disorder characterized by impaired social interaction, deficits in verbal and nonverbal communication, and restricted, repetitive patterns of stereotyped behaviors and interests (1) . The disorder is diagnosed using standardized behavioral observation tools and has several comorbidities, including mental retardation and aggression. In addition to these traits, various immune abnormalities have been identified and observed in patients with autism. Anomalies of the immune system in autism manifest in the form of altered autoantibody and cytokine profiles, neuroinflammation, and changes in cellular populations and function (2) . Autoimmunity and ongoing systemic immune activation have been associated with autism pathogenesis as well (3) . Speculation that immune system malfunction may be related directly to the biological etiology of autism has yet to be conclusively corroborated. 1 These authors contributed equally to this work. 2 Correspondence: Rashid Laboratory for Developmental Neurobiology, Silver Child Development Center, Department of Psychiatry and Neurosciences, College of Medicine, University of South Florida, 3515 E. Fletcher Ave. Tampa, FL 33613, USA. E-mail: jtan@hsc.usf.edu doi: 10.1096/fj. Abbreviations: A␤, amyloid ␤; AICD, APP-intracellular domain; APP, amyloid precursor protein; CFA, complete Freund's adjuvant; ConA, concanavalin A; DN, double negative; DP, double positive; hsAPP-␣, human sAPP-␣; MOG, myelin oligodendrocyte protein; NICD, Notch intracellular domain; PHA, phytohemagglutinin; PI3K, phosphoinositide 3-kinase; PTX, pertussis toxin; sAPP-␣, soluble amyloid precursor protein ␣; SP, single positive; TgsAPP-␣, transgenic sAPP-␣-overexpressing; Th1, T-helper 1; ZAP70, -chain-associated protein kinase 70.
Recent studies show that patients with severe autism express elevated levels of secreted soluble amyloid precursor protein ␣ (sAPP-␣) in their plasma (4) . The amyloid precursor protein (APP) is a type 1 transmembrane protein that is expressed ubiquitously in numerous cell types. It is proteolytically processed via two pathways that involve a combination of cleavage enzymes called secretases; each pathway produces several soluble fragments. The amyloidogenic pathway generates amyloid ␤ (A␤; the focus of research in Alzheimer's disease), sAPP-␤, and the APP-intracellular domain (AICD). The other pathway is termed the nonamyloidogenic pathway and produces sAPP-␣ along with the p3 and AICD fragments (5) . The sAPP-␣ metabolite is well-known for its neurotrophic and neuroprotective properties (6, 7) . In addition, the fragment is secreted from immune cells after stimulation, implying a role for sAPP-␣ in immune cell activation (8 -10) . Although the fragment is being considered as a candidate peripheral biomarker for autism (4, 11) , its potential role in the pathophysiology of the disorder remains to be elucidated.
Among the immune cell features seen in patients with autism are anomalies in T-lymphocyte population and function (12) . One team identified reduced numbers of CD4 ϩ T-helper cells in serum from subjects with autism compared to controls (13) . The same group provided further detail on the CD4 ϩ T-cell subpopulations, showing a decrease in CD4RA ϩ T cells, which are responsible for inducing suppressor T cells (14) . In another study, ϳ35% of patients with autism had decreased CD4 ϩ T cells in the serum (15) . Furthermore, a shift is apparent in the CD4
ϩ -cell population from T-helper 1 (Th1) cells toward Th2 cells in patients with autism (16) .
Concurrently, compelling experimental evidence suggests a potential role for sAPP-␣ in T-lymphocyte activation. Transcription, translation, and secretion of APP were induced on stimulation of peripheral mononuclear blood leukocytes with T-cell mitogens (9) . Moreover, secreted APP is expressed by CD4 ϩ and CD8 ϩ T lymphocytes after stimulation with T-cell-specific mitogen phytohemagglutinin (PHA), suggesting that sAPP is involved in the initiation of the T-cellmediated immune response (8) . Also, human peripheral T cells, as well as Jurkat cells, expressed increased levels of APP mRNA when activated with a calcium ionophore (17) .
Given that T-cell immunity is altered in patients with autism, and that sAPP-␣ is expressed at high levels in some patients and is potentially influential in T-cell activation, we hypothesize that increased levels of sAPP-␣ in the periphery may alter immune cell development and function, thereby contributing to this particular aspect of the immune anomalies observed in subsets of patients with autism. To investigate this theory, we created a transgenic sAPP-␣-overexpressing (TgsAPP-␣) mouse that overexpresses human sAPP-␣ (hsAPP-␣) in several organs, including the brain, thymus, and spleen. Here, we report that the T-cell population is altered in TgsAPP-␣ mice. We demonstrate that T-cell development in the thymus is affected due to curious levels of protein expression, which suggests antiapoptotic signaling. Finally, we show that T-cell memory function is reduced in our model. We conclude that sAPP-␣ is instrumental in modifying T-cell development and function, and therefore may be directly involved in the pathophysiology of autism.
MATERIALS AND METHODS

Mice and genotyping
Generation of TgsAPP-␣ mice was carried out at the H. Lee Moffitt Cancer Center Animal Core Facility (Tampa, FL, USA) by standard pronuclear injection. A 1.8-kb genomic fragment transcribing hsAPP-␣695 was subcloned into a MoPrP.Xho vector (18, 19) . The pcDNA3.1 plasmid containing the hsAPP-␣695 DNA fragment was graciously provided by Dr. Steven Barger (University of Arkansas, Little Rock, AR, USA). Several lines of TgsAPP-␣ mice were generated, and the line with the highest level of hsAPP-␣ protein expression was selected and maintained by heterozygous backcrossing on the C57BL6 mouse strain. Animals were genotyped by quantitative real-time PCR using the following sequences of primers: hsAPP␣ forward, 5Ј-GCCTGGACGATCTCCAGC-3Ј; hsAPP-␣ reverse, 5Ј-TGGCCCGGTGTTAGCACTGGC-3Ј; ␤-actin forward, 5-AGCTTGCTGTATTCCCCTCCATCGTG-3Ј; ␤-actin reverse, 5Ј-AATTCGGATGGCTACGTACATGGCTG-3Ј. Mice were housed in a 12-h light-dark cycle, and all experiments were conducted in accordance with institutional guidelines and were approved by the University of South Florida institutional animal care and use committee.
Tissue isolation and preparation
Mice were anesthetized using gaseous isoflourane. Blood was collected from the right ventricle of the heart and immediately placed into tubes containing 0.5 M EDTA (BD Biosciences, San Jose, CA, USA). Plasma was removed after centrifugation at 3000 rpm for 15 min at 4°C. Animals were then perfused transcardially with 0.01 M PBS (pH 7.4), and the thymus, spleen, and brain were removed. Single-cell suspensions of thymocytes and splenocytes were generated using a 40-m nylon mesh cell strainer (Thermo Fisher Scientific, Waltham, MA, USA). Red blood cells were eliminated using ACK RBC lysis buffer (Invitrogen, Carlsbad, CA, USA). Subsequently, thymocytes and splenocytes were washed in 1ϫ PBS (Mediatech, Manassas, VA, USA) before suspension in RPMI 1640 (Lonza, Walkersville, MD, USA) for culture or 1ϫ PBS containing 5% fetal bovine serum (FBS) for flow cytometry analysis. Whole thymus organs were fixed in 4% paraformaldehyde at 4°C overnight, cryoprotected in concentrations of 10, 20, and 30% sucrose; embedded in Neg50 frozen section medium (Richard-Allan Scientific, Kalamazoo, MI, USA), and cut sagittally on a Microm HM 550 cryostat (Thermo Fisher Scientific) at 25-m thickness. Brains were removed and sagittally bisected. Left brain hemispheres and thymus organs were homogenized in 1ϫ lysis buffer (Cell Signaling, Boston, MA, USA) with 1% PMSF (Sigma-Aldrich, St. Louis, MO, USA), centrifuged at 14,000 rpm for 15 min and stored at Ϫ80°C.
Enzyme-linked immunosorbent assay (ELISA)
hsAPP-␣ expression in brain homogenates and plasma was quantified using a highly specific assay kit (IBL-America, Minneapolis, MN, USA). According to the manufacturer, this kit is 100% specific for hsAPP-␣ and cross-reacts at Ͻ0.1% with hsAPP-␤ wild-type (WT) and Swedish type. Splenocytes from untreated TgsAPP-␣ mice were suspended in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Grand Island, NY, USA) plated in 24-well culture plates and incubated with 5 g/ml concanavalin A (ConA; Sigma-Aldrich), or PBS for 18 h at 37°C in 5% CO 2 . Splenocytes from TgsAPP-␣ mice immunized with either myelin oligodendrocyte protein (MOG; Mimotopes, Melbourne, Australia) in complete Freund's adjuvant (CFA, Sigma-Aldrich) and pertussis toxin (PTX, Sigma-Aldrich) or PBS/CFA/PTX were suspended in DMEM, plated in 24-well plates, and incubated with 5 g/ml ConA, 10 g/ml MOG, or PBS for 36 h at 37°C in 5% CO 2 . Levels of cytokines: interferon ␥, (IFN-␥), interleukin-2 (IL-2), IL-4, tumor necrosis factor ␣ (TNF-␣), IL-6, and IL-1␤ were measured in supernatants using commercially available ELISA kits (IFN-␥, R&D Systems, Minneapolis, MN, USA; all others, eBioscience, San Diego, CA, USA) according to manufacturer's instructions.
Flow cytometry
Single-cell suspensions of thymocytes and splenocytes in PBS containing 5% FBS were incubated with mouse antibodies: anti-CD19-APC, anti-CD3-FITC, anti-CD4-PE, anti-CD8-APC Cy7, anti-CD4-FITC, anti-CD8-PE, anti-CD44-PE Cy7, anti-CD25-APC, and/or anti-CD8-PE (BD Bioscience) for 20 min at room temperature. Cells were then washed twice with the same buffer, and relative fluorescence was measured using a BD LSR II flow cytometer (BD Bioscience).
Immunohistochemistry
Thymus sections were washed in PBS, blocked in 5% horse serum/PBS for 1 h at room temperature, and incubated with rabbit anti-caspase-3 (1:1000, Cell Signaling) overnight at 4°C in blocking solution. Sections were then washed and incubated for 1 h with biotinylated secondary antibody that was viewed by an ABC kit (Vector Laboratories, Burlingame, CA, USA) with diaminobenzidine (DAB). For TdT-mediated dUTP-biotin nick end labeling (TUNEL) immunohistochemistry, thymus sections were washed for 10 min, then labeled and stained according to manufacturer's instructions using the FD Apop Kit (FD Neurotechnologies, Ellicott City, MD, USA).
Western blotting
Thymus homogenates and splenocyte lysates were subjected to SDS-PAGE on 10% glycine gels with Tris-glycine-SDS buffer (Bio-Rad Laboratories, Hercules, CA, USA) and transferred to 0.45-m nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ, USA) in Tris-glycine buffer. After blocking with 5% milk in 1ϫ TBS/0.01% Tween 20, blots were incubated overnight at 4°C with the following primary antibodies: mouse 6E10 (1:1000; Covance Research Products, Emeryville, CA, USA); rabbit anti-Bcl-2 (1:1000; Cell Signaling); rabbit anti-Bax (1:1000; Cell Signaling); rabbit anticaspase-3 (1:1000; Cell Signaling); rabbit anti-Notch1 (1: 1000; Epitomics, Burlingame, CA, USA); rabbit anti-NICD (1:500; Abcam, Cambridge, MA, USA); rabbit anti-phospho-PI3K (1:1000; Cell Signaling); rabbit anti-total-PI3K (1:1000, Cell Signaling); rabbit anti-phospho-AKT (1:1000, Cell Signaling); rabbit anti-total-AKT (1:1000; Cell Signaling); rabbit anti-phospho-ZAP-70 (1:1000; Cell Signaling); rabbit antitotal-ZAP-70 (1:1000, Cell Signaling); mouse anti-␤-actin (1: 4000, Sigma-Aldrich). After washing with ddH 2 O, blots were incubated for 1 h at room temperature with one of the following horseradish peroxidase-conjugated secondary antibodies: goat anti-mouse IgG (1:2000; Cell Signaling); antirabbit IgG (1:5000; Thermo Fisher Scientific). Blots were developed using Supersignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).
Statistical analyses
Statistical differences between genotype groups were determined using 1-way analysis of variance (ANOVA) for multiple comparisons. Other statistical differences were determined using Student's t test. Analyses were performed on Microsoft Excel software (Microsoft, Redmond, WA, USA).
RESULTS
Human sAPP-␣ was detected in blood from both TgsAPP-␣ ؉/؊ and TgsAPP-␣ ؉/؉ mice
Studies have shown that a subset of patients with autism have elevated plasma levels of sAPP-␣ compared to typically developed children (4, 11, 20) . Given that sAPP-␣ has neurotrophic properties, we sought to overexpress this target protein predominantly in the brain using a prion protein promoter.
To initially characterize sAPP-␣ expression in TgsAPP-␣ mice, whole brain homogenates and plasma samples were collected from TgsAPP-␣ ϩ/ϩ (nϭ3) and TgsAPP-␣ ϩ/Ϫ (nϭ3) mice and WT littermates (nϭ4) at 6 wk of age and analyzed using a commercially available hsAPP-␣ ELISA kit (IBL-America). As expected, our data showed that hsAPP-␣ was detected, in a genotype-dependent manner, in both brain and plasma of TgsAPP-␣ mice and not WT littermates, with TgsAPP-␣ ϩ/ϩ genotype expressing significantly higher levels of hsAPP-␣ compared to TgsAPP-␣ ϩ/Ϫ genotype ( Fig. 1) . These findings confirm the successful generation of a mouse that may mimic the peripheral phenotype of patients with severe autism identified in the above-mentioned studies.
Immune stimulation of splenocytes with either ConA or anti-CD3 antibody results in markedly increased levels of IFN-␥, IL-2, and IL-4 in TgsAPP-␣ mice
In addition to its neurotrophic properties, sAPP-␣ may play a role in immune cell activation. Stimulation of immune cells leads to the secretion of APP (8, 9) . To see how elevated levels of sAPP-␣ could be affecting immune cell function, we measured cytokine levels produced from TgsAPP-␣ mouse and WT littermate splenocytes stimulated in vitro using ELISA. Splenocytes were challenged with ConA, a well-known T-cell mitogen (21) . The secretion of 6 cytokines from challenged splenocytes was quantified using respective commercially available kits. We found that splenocytes from TgsAPP-␣ mice produced significantly higher levels of IFN-␥, IL-2, and IL-4 after challenge compared to WT littermates (Fig. 2, left panel) , suggesting that hsAPP-␣ augments the T-cell immune response. Moreover, significant differences in IFN-␥ and IL-4 levels between TgsAPP-␣ ϩ/Ϫ and TgsAPP-␣ ϩ/ϩ mice corroborate a genotype-dependent effect of hsAPP-␣ on the stimulation of T cells. The release of TNF-␣, IL-1␤, and IL-6 from mouse splenocytes after challenge was also measured; however, we did not see differences in the levels of each of these cytokines between TgsAPP-␣ mice and WT littermates (Fig. 2, right panel) . In a parallel experiment, we challenged TgsAPP-␣ mouse splenocytes with anti-CD3 monoclonal antibody and found similar results to those above (data not shown).
A significant increase of CD3 ؉ /CD8 ؉ T cells in TgsAPP-␣ mouse splenocytes
In an attempt to understand the cause of the increased cytokine production in TgsAPP-␣ mice, we sought to establish the relative sizes of the immune cell populations represented in the spleen. To do this, we isolated splenocytes from TgsAPP-␣ mice and WT littermates and assessed B-and T-cell populations using flow cytometry. Antibodies against CD19 and CD3 were used to identify B and T cells, respectively. T cells were further characterized using antibodies against CD4 and CD8. Our results showed a marked decrease in the percentage of CD19 ϩ cells from TgsAPP-␣ ϩ/ϩ mouse splenocyte populations compared to those from WT littermates (Fig. 3A, C, top panel) . In contrast, TgsAPP-␣ ϩ/ϩ mouse splenocytes comprise a significantly increased percentage of CD3
ϩ cells compared to splenocytes from WT littermates (Fig. 3A, C, top panel) . Further classification of the CD3 ϩ cell populations revealed opposing alterations in CD4
ϩ and CD8 ϩ cell populations from TgsAPP-␣ mouse splenocytes compared to WT littermate splenocytes. TgsAPP-␣ ϩ/ϩ mice contain a significantly lower percentage of CD3 ϩ / CD4 ϩ cells in the splenocyte population compared to WT littermates (Fig. 3B, C, bottom panel) . Conversely, the percentage of CD3
ϩ cells is considerably greater in splenocytes from TgsAPP-␣ ϩ/ϩ mice compared to those from WT littermates (Fig. 3B, C, bottom  panel) . These data demonstrate the presence of modifications to the immune cell populations in splenocytes from TgsAPP-␣ mice. They also imply that an increase in the population of CD3 ϩ /CD8 ϩ cells may be induc- Figure 2 . T-cell-derived cytokines are markedly increased in splenocytes cultured from TgsAPP-␣ mice after T-cell mitogen challenge. Splenocytes were isolated from TgsAPP-␣ and WT littermates at 6 wk of age, cultured at 5 ϫ 10 6 in 24-well plates, and treated with ConA at 5 g/ml for 18 h. Cell supernatants were collected and subjected to cytokine ELISA. Cell lysates were prepared and assayed for measurement of intracellular protein concentrations. Results are represented as means Ϯ se (ng or pg/mg intracellular protein). Similar results were also observed in other littermates from 4 breeding pairs as well as with the anti-CD3 antibody stimulation (data not shown). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
ing the increased cytokine production after splenocyte challenge (Fig. 2) . 
TgsAPP-␣ mouse thymocytes
To explain our discovery that T-cell populations, in particular, are modified in TgsAPP-␣ mice, we examined T-cell populations in the thymus, the site of T-cell development (22, 23) . For this investigation, thymocytes from TgsAPP-␣ mice and WT littermates were isolated and then analyzed with flow cytometry. Using a hierarchical detection strategy, the various populations were classified based on antibody colabeling according to the markers expressed by each type of cell at its respective stage of development in the thymus. First, mature and immature thymocyte populations were delineated using CD4 and CD8 antibodies. Subsequently, antibodies against CD44 and CD25 were used to characterize immature thymocytes at each of the 4 stages. Notably, our data revealed marked variations in mature and immature T-cell populations in the thymus of TgsAPP-␣ ϩ/ϩ mice compared to WT littermates. Thymocytes from TgsAPP-␣ ϩ/ϩ mice consisted of a significantly smaller population of CD4 ϩ /CD8 ϩ T cells, which comprised a greater percentage of the individual CD4
ϩ and CD8 ϩ cell populations compared to WT littermate thymocytes (Fig. 4A, C, top   panel) . Justifiably, the CD4 Ϫ /CD8 Ϫ double-negative (DN) population in TgsAPP-␣ ϩ/ϩ mouse thymocytes was considerably increased compared to the same population in WT littermate thymocytes (Fig. 4B, C,  bottom panel) .
Focus on this DN population of thymocytes in all 3 groups of mice demonstrated significant alteration in the percentage population of 3 of the 4 types of immature thymocytes. When compared to thymocytes from WT littermates, the percentages of the CD25 ϩ / CD44 ϩ and the CD25 Ϫ /CD44 Ϫ populations of thymocytes are decreased in TgsAPP-␣ ϩ/ϩ mice. In contrast, the percentage CD44 ϩ /CD25 Ϫ population was greater in TgsAPP-␣ ϩ/ϩ mouse thymocytes compared to WT littermate thymocytes. While differences were found in the percentages of the individual populations of whole thymocytes at the various stages of development, the overall pattern of representation was the same for all 3 groups (Fig. 4C, top panel) . However, for the DN population specifically, TgsAPP-␣ mice exhibited a unique representation pattern in comparison to WT littermates, in which the CD44 ϩ /CD25 Ϫ population appeared larger than the CD25 ϩ /CD44
Ϫ population. In the WT littermate group, these two populations were similar in percentage population (Fig. 4C, bottom  panel) . Collectively, our observations suggest that T-cell development may be altered by the high levels of sAPP-␣ characteristically produced in TgsAPP-␣ mice. 
Apoptotic signaling pathways are markedly reduced in TgsAPP-␣ mouse thymocytes
Apoptosis is a very important part of the T-cell development process in the thymus. Considering our finding that developing T-cell populations in the thymus are altered in TgsAPP-␣ mice, we investigated whether the expression of proteins involved in apoptotic signaling were affected in these mice. To do this, we stained thymus tissue from TgsAPP-␣ mice and WT littermates with an antibody against cleaved caspase-3 and identified cells undergoing apoptosis by TUNEL assay. Caspase-3, an effector protein in the apoptotic process, is widely used as a marker of apoptosis (24) . We also used Western blot analysis to study the expression levels of several proteins that are inherent to the apoptotic signaling pathway. In immunohistochemical and biochemical analyses, TgsAPP-␣ ϩ/ϩ mice displayed a marked reduction of cleaved caspase-3 expression in the thymus compared to both TgsAPP-␣ ϩ/Ϫ mice and WT littermates (Figs. 5A, C and 6A) , suggesting decreased apoptosis. This result was corroborated by the TUNEL assay, which detected fewer positively labeled thymus cells in TgsAPP-␣ ϩ/ϩ mice compared to TgsAPP-␣ ϩ/Ϫ mice and WT littermates (Fig. 5B, D) . Western blot analyses of thymus tissue showed augmented expression of antiapoptotic protein Bcl-2 in TgsAPP-␣ ϩ/ϩ mice, whereas expression of proapoptotic protein Bax in TgsAPP-␣ ϩ/ϩ mice was reduced compared to TgsAPP-␣ ϩ/Ϫ mice and WT littermates (Fig. 6A) . Moreover, decreased levels of active caspase-3 were found in TgsAPP-␣ mice compared to WT littermates (Fig. 6A) . Notch1, Notch intracellular domain (NICD), phosphorylated phosphoinositide 3-kinase (phospho-PI3K), and Akt were investigated by Western blot analyses as well. We discovered a genotypedependent increase in Notch1 and NICD expression in TgsAPP-␣ mice and WT littermates (Fig. 6B) . We also found increases in the expression of phospho-PI3K and phospho-Akt; however, these increases did not appear to be affected by genotype and the differences in expression of these proteins among the three groups of mice were not significant. Altogether, our findings indicate that TgsAPP-␣ ϩ/ϩ mice exhibit a marked reduction of the occurrence of the apoptotic process.
Cultured splenocytes from MOG-immunized TgsAPP-␣ mice exhibit impaired MOG recall immune responses
The mammalian adaptive immune response relies on the ability of T cells to remember antigens from initial challenges to the immune system. This unique "memory" capability in T cells allows them to mobilize the immune system for a faster and more potent response to previously encountered pathogenic attacks. As the means to test the effects of sAPP-␣ on immune cell function, we investigated the recall response in splenocytes isolated from MOG-immunized TgsAPP-␣ ϩ/ϩ mice and WT littermates. To do this, isolated splenocytes were treated with ConA or MOG in vitro, and proinflammatory cytokine release was measured by ELISA. After treatment with ConA, splenocytes from MOG-immunized TgsAPP-␣ ϩ/ϩ mice released significantly higher levels of IFN-␥, IL-2, and IL-4 compared to WT littermates (Fig. 7A) . Curiously, ConA challenge produced decreased secretion of IL-6 in TgsAPP-␣ ϩ/ϩ mice compared to WT littermates. However, as seen in the prior experiment (Fig. 2 ), no significant difference was found between transgenic and WT littermates in the release of IL-1␤ and TNF-␣ (Fig. 7A) . Interestingly, splenocytes from MOG-immunized TgsAPP-␣ ϩ/ϩ mice that were treated in vitro with MOG secreted significantly lower levels of IFN-␥, IL-2, and IL-4 compared to WT littermate splenocytes (Fig. 7B) . Decreased secretion of IL-6 in TgsAPP-␣ ϩ/ϩ mice after MOG treatment ϩ/ϩ and TgsAPP-␣ ϩ/Ϫ mice and WT littermates, and analyzed by Western blot. A) Apoptotic signaling pathways were examined by Western blot using antibodies against Bcl-2, Bax, caspase-3, and cleaved caspase-3. B) Notch1, activated Notch (NICD), and its related signaling pathways, including P13K and AKT, were also studied using Western blot. Densitometry analysis shows the band density ratios of cleaved caspase-3 to total caspase-3 and NICD to Notch1 (bottom panels). *P Ͻ 0.05, ***P Ͻ 0.001.
did not attain statistical significance, and levels of IL-1␤ and TNF-␣ were not significantly different from WT littermates (Fig. 7B) . Therefore, we infer that the recall response in T cells from TgsAPP-␣ mice might be impaired.
Furthermore, to comprehend why the T-cell memory response is abated, we examined expression of phosphorylated -chain-associated protein kinase 70 (ZAP70) in splenocyte lysates of MOG-immunized TgsAPP-␣ mice and WT littermates by Western blot analysis. ZAP70 is expressed in T cells and is involved in the initiation of T-cell signaling (25) . Our data show mice (nϭ4) and WT littermates (nϭ6) at 16 wk of age were immunized with MOG/CFA/PTX or PBS/CFA/PTX (control). At 14 d after the immunizations, splenocytes were isolated from these mice, cultured at 5 ϫ 10 6 in 24-well-plates, and challenged with ConA (5 g/ml) or MOG (1 g/ml) for 36 h. Supernatants and cell lysates were collected and prepared from these splenocyte cultures. A, B) Cytokine expression levels in the supernatants were measured by ELISA, including T-cell-derived cytokines, IFN-␥, IL-2, and IL-4 in addition to monocyte-derived cytokines, IL-6, IL-1␤, and TNF-␣. Results are represented as means Ϯ se (ng or pg/mg intracellular protein). C) Cell lysates were analyzed by Western blot for Syk family protein tyrosine kinase Zap-70 analysis. Densitometry shows ratio of phospho-Zap 70 to total Zap-70 as seen in panel D. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. that lysates of splenocytes from TgsAPP-␣ ϩ/ϩ mice expressed less phosphorylated ZAP70 compared to WT littermates, irrespective of immunization with adjuvant only (CFA/PTX) or with MOG and adjuvant (Fig. 7C) . Densitometry showed that the ratio of phospho-ZAP70 to total ZAP70 is significantly reduced in TgsAPP-␣ ϩ/ϩ mice compared to WT littermates (Fig. 7D) , irrespective of initial immunization with adjuvant only or with MOG and adjuvant. These data imply that reduced ZAP70 expression and phosphorylation are characteristic of TgsAPP-␣ mice after immune challenge, and may be involved in the T-cell memory-response impairment seen in splenocytes from these mice.
DISCUSSION
Here, we report that in transgenic mice expressing elevated brain and plasma levels of hsAPP-␣, there was increased production of IFN-␥, IL-2, and IL-4 after T-cell mitogen stimulation of splenocytes. We demonstrate that CD4
ϩ T-cell populations were decreased, but CD8 ϩ T-cell populations were increased in splenocytes of TgsAPP-␣ mice compared to WT littermates. Furthermore, we report variations in the double-positive (DP) and DN cell populations from the thymus of TgsAPP-␣ mice, consisting of fewer DP thymocytes and more DN1 thymocytes than WT littermates. In addition, cleaved caspase-3 and Bax were expressed at reduced levels in TgsAPP-␣ mouse thymocytes, while Bcl-2, Notch, and NICD were found at increased levels. Finally, the production of IFN-␥, IL-2, and IL-4 as part of the memory response of T-cells from splenocytes of TgsAPP-␣ mice was impaired. Taken together, these data suggest that sAPP-␣ reinforces initial T cell activation in the primary immune response but impairs the antigen-specific immunological memory, causing a weak secondary immune response. Also, our results demonstrate that sAPP-␣ modifies T cell development in the thymus by promoting antiapoptotic signaling. These findings have significant implications. First, they confirm the already-projected theory that sAPP-␣ is involved in the initiation of the T cell response. Secondly, these results propose a potential purpose for the elevated levels of sAPP-␣ seen in patients with autism. Additionally, our findings provide a possible explanation for the anomalies in cellular immunity and immune cell function found in patients with autism.
Sokol and colleagues first reported in 2006 that children with severe autism expressed elevated levels of sAPP-␣ in their plasma compared to typically developed, age-matched controls (4) . A corroborative study of our own supported the above findings (11) . The Sokol team later confirmed its own findings with a similar but stronger study with increased statistical power (20) . These reports suggest a potential role for sAPP-␣ in autism pathophysiology. A mouse model mimicking the condition reported in these studies is necessary for identifying such a role. Therefore, we generated the TgsAPP-␣ mouse by standard pronuclear injection of a DNA-construct transcribing only the secreted portion of human APP which is produced after ␣-secretase cleavage. The current study confirms expression of hsAPP-␣ in both the brain and the plasma of TgsAPP-␣ mice (Fig. 1A, B) . To the best of our knowledge, this is the first model of its kind to be created.
While the neurotrophic properties of sAPP-␣ have been well-documented in scientific literature, its immunological activity has been recognized and is still being explored. The APP fragment first showed signs of trophic activity in fibroblasts that require the presence of sAPP-␣ in order to proliferate and differentiate in vitro (26) . Since then, the neurotrophic and neuroprotective activities of sAPP-␣ have been demonstrated by experiments proving its requirement for neurite extension (27) (28) (29) (30) and neuron survival (31) . Exogenous sAPP-␣ potentiates the neuritogenic activity of nerve growth factor in naive PC12 cells and cortical neurons (32, 33) . The fragment also protected cultured rat hippocampal and septal neurons and human cortical neurons from hypoglycemic damage (7), and intracerebroventricular treatment of postischemic CA1 hippocampal neurons with sAPP-␣ increased their survival and rescued function (34) . Most recently, PC-12 cells and slice cultures from Thy1-GFP mouse hippocampi were protected from epoxomycin-induced apoptosis and genotoxic stress, conditions of proteasomal stress, when treated with sAPP-␣ (35). It is believed that sAPP-␣ may contribute to brain overgrowth patterns seen in groups of patients with autism (36), presenting a possible role for the fragment in autism pathophysiology specific to the central nervous system.
Immunologically, the theory that sAPP-␣ plays a role in the stimulation of cellular immunity has been influenced by several studies. Among them are reports demonstrating the increased translation and expression of APP mRNA and protein, respectively, in activated immune cells (17, 37) . Human peripheral blood leukocytes and splenocytes secrete sAPP-␣ on stimulation with T cell mitogens (9, 10) and CD4 ϩ and CD8 ϩ T-cells secrete comparable amounts of sAPP-␣ with stimulation (8) . These reports provide evidence that sAPP-␣ is particularly involved in T cell activation; however, the nature of its contribution has yet to be elucidated. Given that the splenocytes from TgsAPP-␣ mice, which are already exposed to increased sAPP-␣ levels, display increased IFN-␥, IL-2, and IL-4 secretion (Fig. 2) , the results of our study suggest that sAPP-␣ acts on T-cells by specifically potentiating the primary immunological response to challenge. Overall, sAPP-␣ may be a part of a positive-feedback mechanism during T cell activation in which, after stimulation, T-cells secrete sAPP-␣ leading to further activation of the T-cells.
It is important to note that the immunological features identified in patients with autism to date are heterogenous. Most studies concerning T-lymphocyte populations in these patients report decreased CD4 ϩ cells in patients with autism (12, 13, 38) though studies report findings of the opposite in other patients (39, 40) . In addition to decreased T cell population, reduced T cell activation recently has been identified in stimulated peripheral blood mononuclear cells isolated from patients with autism (41) (42) (43) . Lymphocytes extracted from autistic children demonstrate reduced responsiveness when stimulated in vitro with phytohemagglutinin (44) . A later study confirms the reduced lymphocyte responsiveness associated with autism and alludes to decreases in the number of lymphocytes present in these patients (45) . Our results offer a prospective explanation for the cellular immunity features seen in the majority of the reports on patients with autism. The splenocytes from our transgenic mice consist of a decreased percentage of CD4 ϩ T-cells and CD19
ϩ B-cells than WT littermates, with a significant increase in CD8 ϩ T cell percentage (Fig. 3C) , suggesting that elevated levels of sAPP-␣ impact immune cell population. Experiments on patient plasma samples for elevated sAPP-␣ levels and T-lymphocyte population are necessary to confirm this association.
For T cell development, progenitor cells progressing along the four initial stages are DN for CD4 and CD8, (stages DN1-4). The thymocytes then become (CD4/ CD8) DP, and finally mature into CD4 or CD8 singlepositive (SP) T-cells. Along the maturation process, cells are eliminated by apoptosis during ␤, positive, and negative selection at the DN3, DP, and SP stages, respectively (25, 46 -48) . Our data show sAPP-␣-associated variations in the percentage cell populations at each of the different stages and suggest a sAPP-␣-dependent reduction in apoptotic signaling within thymocytes (Figs. 4 -6 ). Based on our findings, the presence of the sAPP-␣ fragment at elevated levels does not appear to affect the percentage population of cells at the DN3 stage (Fig. 4C, bottom panel) . The decreased populations of DN4 and DP thymocytes seen in TgsAPP-␣ mice, compared to WT littermates, appear to contradict the notion of reduced apoptosis at this stage of development in the thymus. However, increased percentage populations of CD4 and CD8 SP thymocytes substantiate a possible reduction in apoptosis at the DP and SP stages. The apparent inconsistency may be explained by the idea that apoptosis during the DN3 stage is less prominent than at the DP stage. Up to 97% of the cell populations at the DN3 stage do not survive positive selection and are eliminated (49, 50) . Therefore, sAPP-␣, most likely by reducing apoptotic signaling predominantly at the DP phase, modifies thymocyte development and affects the CD4 ϩ and CD8 ϩ T-cell populations in circulation. Another possible explanation is a global reduction in the population of cells undergoing apoptosis in the thymus of TgsAPP-␣ mice compared to WT littermates. This reduction may be supplied by the decrease in the percentage population of DP cells in TgsAPP-␣ mice, together with no significant change in the DN3 cell population of these mice compared to WT littermates. Fittingly, the thymus of the transgenic mice contain an increased percentage of the entire DN population as well as of the DN1 population in particular, which suggests that sAPP-␣ may be acting to hold the immature thymocytes in the first phase of development for an unusually lengthy period of time. A closer look at the mechanics of thymocyte development under the conditions of elevated sAPP-␣ expression would provide clarity. Nonetheless, it is obvious from our results that sAPP-␣ modifies thymocyte development, most likely by limiting apoptotic signaling directly or by way of the cells in which the signaling is occurring.
T cells are vital players in the secondary immune response of adaptive immunity because of their unique immunological memory feature. Considering that sAPP-␣ appears to strengthen the primary T-cell immune response (Fig. 2) , note that, according to our results, TgsAPP-␣ mice demonstrate reduced T-cell memory function (Fig. 7A, B) , suggesting that sAPP-␣ impairs the recall function in these lymphocytes. This is a novel manner in which sAPP-␣ may be affecting lymphocyte function. These data further emphasizes that sAPP-␣ is involved in T-cell function, but while its role appears to be robustly supportive for T cells activated by an initial immune challenge, the exact opposite seems true for T cells engaged in the secondary immune response. This contradictory phenomenon may be explained by a sAPP-␣-associated decrease in phosphorylated ZAP70, a protein that is involved in the initiation of T-cell signaling (Fig. 7C, D) . ZAP70 is a member of the Syk family of kinases that selectively interacts with the activated T-cell receptor CD3 complex on the surface of T cells (25, 51) to initiate further signaling downstream (52) . In the thymus, ZAP70 deficiency causes the arrest of T-cell development at the DP phase (53, 54) . The expression of ZAP70 appears unaffected by the DNA methylation patterns of the APP gene (55) , and total ZAP70 expression is unchanged in TgsAPP-␣ mice compared to controls (Fig. 7C) . It has been reported that sAPP-␣ acts by disrupting full-length APP dimers (56) . Therefore, sAPP-␣ may be acting by hindering phosphorylation of ZAP70. Our findings of impairment in the T-cell memory function as a result of high levels of sAPP-␣ may explain why children with autism are more susceptible to infection (57, 58) . Interestingly, reduced responses to specific antigens have been identified in patients with autism (44) and could be the result of impaired T-cell memory. Further research is required to corroborate the role of sAPP-␣ in the impairment of the T-cell memory response to comprehend how sAPP-␣ may be affecting the expression of T-cell-activating ZAP70 protein.
In summary, based on the data reported in this study, we propose that elevated peripheral levels of sAPP-␣ could be a cause of aberrations of T-cell population and function in patients with autism. Our data show that transgenic mice expressing elevated brain and plasma levels of hsAPP-␣ exhibit increased T-cell cytokine secretion along with decreased CD4 ϩ and increased CD8 ϩ T-cell populations in splenocytes compared to WT littermates. These transgenic mice also demonstrate unusual DP and DN thymocyte populations and protein expression profiles, suggesting reduced apoptotic signaling in the thymus. Third, the immunological memory response of T cells from splenocytes of transgenic mice is impaired. These findings are important because they substantiate the strengthening hypothesis that sAPP-␣ is involved in the initiation of the T-cell response, and they provide a theory for the possible association between two phenomena observed in patients with autism: elevated levels of sAPP-␣ and aberrant T-cell immunity. Future studies investigating this potential connection are imperative and will lead to the necessary development of individualized treatments for the unique subset of patients with autism for whom these studies are relevant.
